Biological anti-freeze proteins (AFPs) with superior anti-freezing performance offer a great example of perfectly integrating multiple anti-icing functions, by combining hydrogen-bonding and hydrophobic groups to effectively regulate interfacial water. Inspired by AFPs, a multifunctional anti-icing material based on PDMS-grafted polyelectrolyte hydrogel was created.
INTRODUCTION
Undesired icing/frosting on foreign surfaces causes serious economic, energy, and safety issues and environmental hazards in many areas of society. [1] [2] [3] [4] [5] In nature, the complex and diverse ice formation processes, typically from nucleation to subsequent propagation and finally adhesion, always occur over a wide range of temperatures and environmental conditions, resulting in different ice crystals such as glaze, rime, freezing rain, frost, and snow. [6] [7] [8] [9] These bring great difficulty to designing icephobic materials facing different icing scenarios in practical applications. [10] [11] [12] To solve these problems, great efforts have been made to develop various anti-icing strategies for inhibiting ice nucleation, preventing ice propagation, and reducing ice adhesion. [13] [14] [15] [16] Despite the recent rapid development of icephobic materials and methods, each focuses on a single aspect of anti-icing in certain conditions and has obvious limitations for broad practical utility. For example, the superhydrophobic anti-icing surfaces exhibit excellent performance in shedding water, but the disadvantages of durability and humidity tolerance still remain. 17, 18 Ion specificity endows polyelectrolyte brushes with unique capabilities of tuning ice nucleation and propagation; however, the poor mechanical robustness limits their application in ice removal. 19, 20 Although some hydrated films have ultralow ice adhesion strength due to the aqueous lubricating layer, no excellent anti-icing performance other than reducing ice adhesion has been reported. 21, 22 Ideally, an efficient icephobic surface should possess multiple anti-icing features for tackling all the aforementioned obstacles to have true versatility and optimum performance in different possible situations.
Progress and Potential
The recent anti-icing strategies in the state of the art mainly focused on three aspects: inhibiting ice nucleation, preventing ice propagation, and decreasing ice adhesion strength. However, it is has proved difficult to prevent ice nucleation and propagation while decreasing adhesion simultaneously, due to their highly distinct, even contradictory design principles. In nature, antifreeze proteins (AFPs) offer a prime example of multifunctional integrated anti-icing materials that excel in all three key aspects of the anti-icing process simultaneously by tuning the structures and dynamics of interfacial water. Here, inspired by biological AFPs, we successfully created a multifunctional antiicing material based on polydimethylsiloxane-grafted polyelectrolyte hydrogel that can tackle all three aspects of the antiicing process simultaneously. The simplicity, mechanical durability, and versatility of these smooth hydrogel surfaces make it a promising option for a wide range of anti-icing applications.
Creating low-cost, large-scale, high-efficiency, and multifunctional anti-icing material is still a challenge, and few strategies for accomplishing this have been demonstrated. [23] [24] [25] However, nature offers many good examples of multifunctional integrated anti-icing control; for example, anti-freeze proteins (AFPs) control ice formation by depressing the freezing temperature, preventing ice growth, and inhibiting ice recrystallization. 2, 26 It is reported that all these superior anti-freeze functions are achieved through tuning the structure, mobility, and amount of interfacial water, which respectively regulate the ice nucleation, growth, and adhesion. [27] [28] [29] Both hydrogen-bonding and hydrophobic groups contribute greatly to the regulation of interfacial water, thus leading to the AFPs with enhanced anti-freeze activity. 29, 30 Recent anti-icing approaches further reinforce the significance of interfacial water in inhibiting ice formation and reducing ice adhesion. For example, Wang et al. revealed that the ions at polyelectrolyte brush interface can effectively control the dynamics of interfacial water and thus determine the ice nucleation and propagation processes. 19, 20 Moreover, it was discovered that the ice adhesion strength can be effectively reduced by the aqueous lubricating layer on various hydrated surfaces. 22, 31 Ultimately, realizing the regulation of all three aspects of anti-icing with one material simultaneously would require a balance between the optimum structures, mobility, and amount of interfacial water. These properties of interfacial water can be regulated by incorporating and balancing the hydrophilic and hydrophobic components in the materials, as molecular dynamics simulation studies have discovered. 29 Experimentally, tuning one of the above properties has been realized, but it remains a daunting challenge to regulate all three simultaneously, as it requires hydrophilic and hydrophobic synergy at molecular scale within one material. Here, inspired by the strategy of combining hydrogen-bonding and hydrophobic groups in AFPs for the multiple anti-freeze activities, a novel method is proposed to graft hydrophobic polydimethylsiloxane (PDMS) chains onto a hydrophilic polyelectrolyte network containing various counterions, forming a multifunctional hybrid anti-icing hydrogel. By contrast, conventional pure hydrophobic systems without interfacial water present mainly facilitate effectively the ice adhesion but not the nucleation and propagation. Such a unique material design through grafting hydrophobic chains with tunable lengths on hydrophilic charged networks allows for regulation of the properties of interfacial water by tuning the synergy of hydrophobicity and ion specificity, which endows these PDMS-grafted polyelectrolyte hydrogel coatings with high capabilities of tuning the ice nucleation, propagation, and adhesion. The non-structured feature makes these smooth anti-icing surfaces more environmentally tolerant, mechanically robust, and durable.
RESULTS
AFPs have unique capabilities to regulate ice formation process by selectively adsorbing to the ice crystal surface, as shown in Figure 1A . The multiple anti-freezing functions of AFPs are strongly influenced by the interfacial water at the AFP/ice interface, which can be controlled by tuning the arrangement of hydrophobic and charged functional groups. 2, 29 Borrowing the concept of AFPs, the rational design of the multifunctional anti-icing hydrogel surface via control of the interfacial water properties is illustrated in Figure 1B . Unlike the existing anti-icing strategies, ours targets an all-around anti-icing material with comprehensive performances in all of these three aspects, i.e., ice nucleation inhibition, ice propagation prevention, and ice adhesion reduction. Hydrogel, which contains different types of interfacial water, provides an ideal platform for tuning interfacial water structure, mobility, and amount, based on chemical modifications. The polymer network of the poly(acrylamide-co-acrylic acidco-N-allylacrylamide) (poly(AAm-co-AAc-co-AAene)) hydrogels offers a scaffold to carry multiple hydrophobic and charged groups (see Figure 1C ). 32, 33 The copolymerization of cationic [2-(methacryloyloxy)ethyl]trimethylammonium (META) monomer and monomethacrylate-functional PDMS macromonomers of different chain length was carried out using an in situ photopolymerization method, forming crosslinks of a series of different graft lengths and compositions (Figures S1 and S2). 34 The poly(AAm-co-AAc-co-AAene) hydrogels were crosslinked by NG (poly ). The other advantage of this film is that the surface hydrophobicity can be readily controlled with the incorporation of various hydrophobic grafted PDMS segments. It is noted that the PDMS-grafted electrolyte hydrogel is fundamentally different from the conventional design: the PDMS chains here are to balance the hydrophilic matrix and thus regulate the interfacial water and also strengthen the intrinsic mechanically weak hydrogel, whereas the conventional PDMS-based anti-icing materials mainly utilizes its highly hydrophobic nature to repel water. The fine balance of ion specificity and hydrophobicity is pursued here to be able to regulate the interfacial water to an optimum state and leads to the ultimate anti-icing performance improved from the previous pure bulk PDMS and polyelectrolyte surfaces, in terms of freezing temperature, operation window, and condition. The copolymerization and ion exchange were further confirmed by X-ray photoelectron spectroscopy (XPS) as shown in Figure 1D . The thin film of hydrogel is covalently linked to various substrates, with nanometer-scale tunable thickness ranging from $50 to 1,000 nm ( Figures S4 and S5 ). The film thickness can be recognized easily through the surface color change due to the optical interference effect. 32 Many scientists have tuned the inhibition of heterogeneous ice nucleation (HIN) before freezing by modifying material surface chemistry and morphology, since HIN is the initial and controlling step of ice formation. 35, 36 The delay of HIN provides favorable conditions for the removal of impacting or condensed supercooled water droplets by using different methods. 37, 38 Recently, it was found that the efficiency of different ions in tuning HIN is strongly correlated with the ion-specific effect on structural transformation from liquid-like to ice-like water (Figure 2A ). 2 The structure of interfacial water is determined by the type and amount of counterions distributed at the solid/water interface. 19 The ice nucleation efficiency increases with the fraction of ice-like water molecules. Therefore, the HIN temperature (T H ) is higher on the surface with counterions having greater capability of inducing ice-like water. 2 The T H on the anti-icing hydrogel surface is the temperature when the ice nucleus appears. The value of T H is very close to that of freezing temperature of the whole water droplet if the cooling rate is not so fast (for details see Experimental Procedures) . We propose that the T H on these anti-icing hydrogels can be regulated over a large window by using different counterions in the gel network. As shown in Figures  2B and S6 , the T H on the PG1-I hydrogel surface is À17.7 C, whereas it is À29.9 C on the same surface when the counterion is perfluorooctanoate (PFO). The ice nucleation preferentially occurs on the PG1-I hydrogel surface because the counterions of iodine can promote the formation of ice-like water molecules at the hydrogel/water interface, thus enhancing the efficiency of ice nucleation. 19 Although the order of counterions in determining ice nucleation is independent of the film thickness, the difference in T H is significantly amplified as the thickness increases ( Figure 2C ). The ion-specific effect in tuning T H decreases gradually along with the incorporation of long-chain PDMS macromonomers ( Figure 2D ). The ion specificity completely disappears on PG3 hydrogel surface. The complete series of counterions in tuning T H was verified on PG1 hydrogel surface, showing a broad tunable T H window of 12 C (Figure 2E ). The inhibition of ice nucleation efficiency of PG1-PFO surfaces is comparable with that of the AFPs (Figure S7) . The HIN delay time (t D ) on the PG1 hydrogel surface further consolidates the efficiency of different counterions in tuning T H ( Figure 2F ). The t D of most anti-icing surfaces was measured in the freezing temperature range of À10 C to À20 C. 1, [39] [40] [41] We studied the freezing delays of PG1-PFO hydrogel surface at ultralow temperatures and found that the PG1-PFO hydrogel surface remained unfrozen for more than 4,800 s even at À28 C, exhibiting high performance of inhibiting ice nucleation.
In real-world environments, sometimes the undesired HIN is inevitable due to the contaminants, dusts, surface edges, and defects, giving rise to ice propagation across the entire surface. 42, 43 In addition to ice nucleation, the subsequent ice propagation also plays an important role in ice formation on foreign surfaces. The ice propagation rate, which is the change of ice cover area per unit time during the ice propagation process, was used to quantify the ice propagation inhibition efficiency of various coatings. We discovered that ice propagation on a hydrated surface is strongly determined by the amount of interfacial water, that is, more interfacial water results in a higher ice propagation rate ( Figure 3A) . 19, 42 Essentially, the amount of interfacial water can be controlled by tuning the hydrophobicity (via tuning PDMS chain length) to balance the counterions. Since there is also an ion-specific effect on tuning interfacial water amount, i.e., the counterion-driven ''hydrophobic collapse,'' we have investigated the ice propagation rates on various hydrogel surfaces with different counterions. When the PG1 hydrogel undergoes a transition from hydrophilic to hydrophobic state by exchanging I À with PFO À , the propagation time (the area is 3.3 3 10 5 mm 2 ) increases from 30 to 1,680 ms ( Figures 3B and 3C) . The ice propagation time (the area is 3.3 3 10 5 mm 2 ) on PG1 surface can be tuned by up to two orders of magnitude by changing different counterions ( Figure 3D ). To exclude the influence of different T H of various hydrogel surfaces, we performed all ice propagation measurements at À15.0 C. Note that when the PDMS chains are too long (PG3), the water molecules cannot penetrate into the hydrogel, which will not be tuned by ions; the surfaces can no longer inhibit the ice propagation effectively, similar to the conventional pure PDMS surfaces ( Figure 3E) . In contrast to the PGs with longer-chain PDMS (PG1 and PG2), the amounts of interfacial water in NG and SG are overly high, even with the presence of the highly hydrophobic counterion of PFO À . This indicates that the hydrophobicity, which can be tuned by PDMS chain lengths, plays a crucial role in modulating the amounts of interfacial water. As a result, the ultrahigh ice propagation rate caused by an excess amount of interfacial water keeps the NG and SG hydrogels from becoming multifunctional anti-icing materials. This experiment proves that only synergetic cooperation of hydrophobicity and ion specificity can lead to effective control of ice propagation.
If ice forms inevitably in extremely low-temperature environments, reducing ice adhesion will be considered as the last resort. Inspired by ice skating, the interfacial water can serve as an aqueous lubricating layer to reduce the ice adhesion strength ( Figure 4A ). 2, 21 For unmodified hydrogel, the frozen water molecules make ice form through the inside and outside of hydrogel, leading to high ice adhesion strength (the value of ice adhesion strength, t ice , is higher than 200 kPa). The introduction of grafted PDMS chains helps retain the unfrozen interfacial water as a lubricating layer. 41, 44 In comparison with NG, the ice adhesion strengths of PG1-PG3 hydrogels are lower by more than one order of magnitude ( Figure 4B ). We studied the ice adhesion behavior of the PG1-PFO surface and found that the ice adhesion strength decreases as hydrogel film thickness increases, due to the increased thickness of the viscous lubricating layer ( Figure 4C ). The unmodified hydrogel of NG is prone to damage when subjected to a de-icing test, and the ice adhesion strength increases significantly in three repeated icing/de-icing tests (Figures 4D and S8) . By strong contrast, these PDMS-modified hydrogels including PG1-PFO, PG2-PFO, and PG3-PFO coatings exhibit much higher mechanical robustness and long-term durability. Figure 4E shows that the ice adhesion strength on PG1-PFO hydrogel maintains a low value even after 50 icing/de-icing cycles. However, this PDMS-modified hydrogel of PG1-PFO is still soft matter, and the surface scratches can still be observed through rigorous mechanical abrasion tests as shown in Figure S9 . As the temperature is lower than À40 C, the gradual freezing of the lubricating water layer at the PG1-PFO hydrogel interface causes the increase in ice adhesion strength ( Figure 4F ).
Owing to the excellent properties of inhibiting ice formation and reducing ice adhesion, the PG1-PFO hydrogel stands out to serve as an ideal choice for broad applicability of anti-icing. To meet the various anti-icing/frosting application needs, it is also critical to coat and test PG1-PFO on different substrates. High scalability of the hydrogel fabrication process allows PG1-PFO to be coated on a wide range of devices ( Figures S10 and S11) . The ice formation and ice adhesion behaviors on different substrates are further demonstrated, showing a promising method to integrate comprehensive icephobic functions into existing surfaces. Figure 5A compares the ice formation times on various coated and uncoated surfaces including metals, ceramic, glass, and polymers. The ice formation time on PG1-PFO hydrogel includes both ice nucleation and propagation time ( Figures S12 and S13 ). All the uncoated surfaces form ice immediately at À25 C, while the PG1-PFO coated surfaces remain unfrozen for more than 3,000 s under the same conditions. Moreover, the ice adhesion strength deceases dramatically when PG1-PFO is coated on various substrates ( Figure 5B ). The workability of PG1-PFO coating for de-icing was tested in real environments at À25 C ( Figures 5C and 5D ). Due to the ice nucleation inhibition on the PG1-PFO surface, water condenses and coarsens for more than 1,900 s. After ice nucleation, the ice propagates slowly via ice bridging. The whole surface is covered with ice in about 4,000s, after which the ice layer thickens with time. For most icephobic surfaces with ultralow ice adhesion strength, air flow is always a feasible measure to remove ice. 42, 45 Owing to the low ice adhesion on the PG1-PFO surface, the ice can be blown off easily by a breeze (2 m/s wind speed) within 2 s.
Conclusion
Developing an effective icephobic surface with multiple anti-icing functions through simple design and large-scale production is highly desirable. Inspired by biological AFPs, interfacial water provides us a promising route to integrate advantages of various icephobic materials into PDMS-grafted polyelectrolyte hydrogels. All the effective anti-icing performances are achieved by tuning the properties of interfacial water. We develop a straightforward but effective method to introduce hydrophilic electrolyte and hydrophobic PDMS macromonomers into PG hydrogel coating. It is found that the tunable synergy of hydrophobicity and ion specificity enables a PG1-PFO hydrogel composite surface with high capabilities of tuning ice nucleation, propagation, and adhesion. The subsequent application tests show that these multifunctional anti-icing surfaces can delay ice formation remarkably without altering its original ultralow ice adhesion. The broad applicability on a wide range of substrates will open up more opportunities and possibilities for multifunctional anti-icing hydrogels to become promising coatings for icephobicity. Compared with the multifunctional anti-icing properties, the mechanical robustness of this hydrogel coating is less prominent, which may limit its widespread application in reallife conditions. The development of an anti-icing hydrogel that has extraordinary mechanical properties such as double-network hydrogels, inorganic/hydrogel hybrids, and hydrogel fibers is still urgently needed,.
EXPERIMENTAL PROCEDURES
Materials [2-(Methacryloyloxy)ethyl]trimethylammonium chloride (PMETAC), sodium hexafluorophosphate, sodium perchlorate, sodium perfluorooctanoate, bis(trifluoromethane) sulfonamide lithium, sodium iodide, sodium sulfate, sodium bromide, sodium acetate, 2-hydroxy-4 0 -(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) and 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) were all purchased from Sigma-Aldrich. Mono-methacryloxypropyl terminated polydimethylsiloxane (PDMS) of various molecular weights was purchased from Gelest. Silicon wafers were purchased from Waferpro. The polymer of poly(AAm-co-AAc-co-AAene) were synthesized using same procedure as described previously. 32 
Fabrication of Polydimethylsiloxane-Grafted Polyelectrolyte Hydrogel
The precursor solution contained 2 wt % poly(AAm-co-AAc-co-AAene), 0.5 wt % PMETAC, 0.5 wt % mono-methacryloxypropyl terminated PDMS with various molecular weights, and 0.3% initiator of Irgacure 2959 in 50% acetic acid/water solution.
The prepared precursor solution of hydrogel was spin-coated onto silicon substrate with UV exposure. The vinyl-functioned silicon substrates were modified with TMSPMA. The PDMS-grafted polyelectrolyte hydrogels were fabricated via in situ polymerization. The samples were washed with Milli-Q water and alcohol to remove the unreacted precursor.
Counterion Exchange
The Cl À in PMETAC monomer was exchanged by immersing the hydrogel samples into 0.5-M salt solutions of target counteranions for 30 min. The films were then washed with Milli-Q water to remove excess free salts on the surface. The success of counterion exchange was confirmed by measurements of XPS.
Surface Characterization
The hydrogel film thicknesses were calculated from the UV-visible reflective spectrum by using the same methods as the previous works. The static contact angles were measured by a drop size analyzer (DSA-100; Krü ss, Germany). The structures of various PDMS-grafted polyelectrolyte hydrogels were detected by Fourier transform infrared spectroscopy. The copolymerization and ion exchange were detected by XPS measurements. The morphologies of different PDMS-grafted polyelectrolyte hydrogel surfaces before and after ice adhesion tests were detected by an atomic force microscope (Bruker Multimode 8).
Ice Nucleation Measurement
The HIN temperature (T H ) and ice nucleation delay time (t D ) on various PDMS-grafted polyelectrolyte hydrogel surfaces were measured by an optical microscope coupled with a high-speed camera (Phantom v7.3). The resolution of the high-speed camera is 0.1 ms (10 4 frames/s). The cooling processes were regulated by a cryostage (Linkam THMS 600). The temperature resolution of T H was less than 0.1 C. The T H on anti-icing hydrogel surface is the temperature when the ice nucleus appears. The ice nucleus on nanoscale cannot be observed by the optical microscope. However, the freezing of the whole water droplet can be observed by detecting the change of opacity before and after droplet freezing. The freezing time for a whole water droplet is shorter than 1 s. When the cooling rate is 5 C/min, the temperature error between freezing temperature of whole droplet and T H is lower than 0.1 C. Therefore, the value of T H is almost the same as that of freezing temperature of the whole water droplet if the cooling rate is not so fast (the cooling rate is 2 C/min in this work). The t D was the delay time when these multifunctional anti-icing hydrogel surfaces reached objective temperatures before freezing. The data of the T H and t D represented the statistical average of more than 200 freezing events for each hydrogel sample. The error bar was determined by the standard error of the mean (SEM).
Ice Propagation Measurement
The ice propagation rate (time) of condensed water on various PDMS-grafted polyelectrolyte hydrogels were measured by an optical microscope coupled with a highspeed camera. The condensed water droplets formed on the hydrogel surface via ''evaporation and condensation processes'' in a closed cell. The relative humidity in the sample cell was controlled at 100%. To exclude the influence of different T H of various hydrogel surfaces with different counterions, we performed all of the ice propagation measurements at À15.0 C, and the initial ice propagations were triggered by a frozen AgI droplet. 42 The fractions of frozen water droplets were analyzed by ImageJ software.
Ice Adhesion Measurement
The ice adhesion strength was measured on a cooling stage coupled with an XY motion stage and a force transducer. Each datum of ice adhesion strength on various PDMS-grafted polyelectrolyte hydrogels was averaged over ten individual measurements. The nitrogen gas was purged into the closed sample cell to minimize the effect of frost formation. The tests were performed at various temperatures when the water froze completely. A cylindrical water container was used to minimize the effect of stress concentration.
Ice Formation Time Measurement
The ice formation time on PDMS-grafted polyelectrolyte hydrogel surface includes both ice nucleation and ice propagation time. The ice formation time was measured via an optical microscope coupled with a high-speed camera. The ice formation time on various substrates coated with PDMS-grafted polyelectrolyte hydrogel was measured at À25 C.
Multifunctional Anti-icing Hydrogel Coated on Various Surfaces
Various surfaces including metals, ceramics, glass, and polymers were vinyl-functioned by dopamine methacrylamide (DMA). All of the different substrates were washed by isopropanol and deionized water and then treated with oxygen plasma. The prepared substrates were dip-coated into an aqueous solution of DMA (2 mg/mL) for 12 h. Thereafter the substrates were washed with Milli-Q water and completely dried.
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